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Resilience of a tropical sport fish population to a severe cold
event varies across five estuaries in southern Florida
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Abstract. For species that are closely managed, understanding population resilience to environmental
and anthropogenic disturbances (i.e., recovery trajectories across broad spatial areas) can guide which
suite of management actions are available to mitigate any impacts. During January 2010, an extreme cold
event in south Florida caused widespread mortality of common snook, Centropomus undecimalis, a popular
sport fish. Interpretation of trends using fishery-independent monitoring data in five south Florida estuar-
ies showed that changes in catch rates of adult snook (>500 mm standard length) varied between no effects
postevent to large effects and 4-yr recoveries. The reasons for the variation across estuaries are unknown,
but are likely related to differences in estuary geomorphology and habitat availability (e.g., extent of deep
rivers and canals) and differences in the proportions of behavior contingents (i.e., segments of the popula-
tion that use divergent movement tactics) that place snook in different areas of the estuary during winter.
Emerging awareness of the presence of behavior contingents, identification of overwintering sites, and
improvements of abundance indices in remote nursery habitats should provide a better understanding of
population resilience to disturbance events for snook. Given that changes in the frequency of short-lived,
severe cold events are currently unknown, the findings and management actions described here for a
tropical species living at the edge of its distribution should be useful to scientists forecasting the effects of
climate change.

Key words: Centropomus undecimalis; coastal areas; common snook; disturbance; fishes; Special Feature: Extreme Cold
Spells.
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INTRODUCTION

Extreme events can strongly affect population
and community structure by causing physio-
logical stress in affected species, mass mortali-
ty events, and reordering of species dominance
(Jentsch et al. 2007, Smith 2011, Boucek and Re-
hage 20144, Hoover et al. 2014). In coastal regions,
common extreme events include severe storms
(Greenwood et al. 2006), algal blooms (Flaherty
and Landsberg 2011), and anthropogenic dis-
turbances such as chemical spills (Rooker et al.
2013). The severity of these events is a function
of the characteristics of the disturbance and the
response of the species affected (Smith 2011). If
effects to water and habitat conditions are short-
lived, recoveries of communities or populations
to pre-event conditions can be relatively rapid,
ranging from weeks to a few years (Stevens et al.
2006b, Flaherty and Landsberg 2011). For com-
munities or species that are closely managed,
understanding both the initial effects (resistance)
and recovery rates (resilience) after a disturbance
can guide the suite of management actions that
are best suited to mitigate any impacts (see op-
tions in McEachron et al. 1994).

Stochastic cold events can have deleterious ef-
fects on fish populations in coastal areas, espe-
cially for tropical species that are living at the
edge of their distribution (Gilmore et al. 1978,
Boucek et al., in press). Severe cold events have
been shown to influence forest and seascape
structure (Precht and Aronson 2004, Ross et al.
2009, Kemp et al. 2016), drive faunal community
composition in predictable ways (Boucek and Re-
hage 20144, b, 2015), and reset poleward range ex-
pansions of tropical species (Stevens et al. 2006a).
The timing (rate of change and duration), spatial
extent, minimum temperature, and local condi-
tions (e.g., tidal stage, wind speed, depth) are all
important factors in determining the severity of
cold events in subtropical coastal systems (Sto-
rey and Gudger 1936, Blewett and Stevens 2014).
Fishes are adapted to survive unfavorable envi-
ronmental conditions to some degree by altering
behavior and movement. The spatial heteroge-
neity of cold events provides opportunities for
fish to migrate from the most affected areas or
seek thermal refuge to increase survival (Harvey
et al. 1999). Refuge in close proximity to the area
of disturbance aids in population recovery by
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reducing mortality of those physically fit enough
to migrate (Weber et al. 2013) and by providing a
source of recolonization back into usual residen-
tial habitats (Hoffsten 2003).

In Florida, Common Snook Centropomus undeci-
malis is a tropical species that supports a substan-
tial recreational fishery (2.1 million fish caught
per year, 90% of which are released; Muller and
Taylor 2012); however, the species is sensitive to
severe cold events (Gilmore et al. 1978, Blewett
and Stevens 2014), which adds to the challenge
of managing the fishery. While a few individuals
can occur as far north as Cedar Key on Florida’s
west coast and Jacksonville on the east coast, the
primary distribution of snook in Florida is limited
to coastlines south of the temperate to subtropi-
cal transition, which spans roughly from Tarpon
Springs on Florida’s west coast to Cape Canav-
eral on the east coast (Gilmore et al. 1983, Rivas
1986). During January 2010, a severe cold event
extended southward throughout south Florida,
dropping inshore water temperatures to below
the minimum temperature tolerance of snook
(~10°C; Howells et al. 1990) for a period of at least
2 d (Adams et al. 2012, Blewett and Stevens 2014,
Boucek et al., in press) causing mass mortality of
snook throughout their range in Florida. To re-
duce any additional mortality and to allow long-
term monitoring programs to gauge impacts,
resource managers immediately closed the recre-
ational snook fishery (http://myfwc.com/fishing/
saltwater/recreational/fish-kills/).

Given the geographic scale of the extreme cold
event, information was needed on population
recovery rates of snook from representative lo-
cations throughout south Florida. The objective
of this study was to examine long-term trends
in snook populations from fishery-independent
monitoring data sets to (1) gauge the initial effect
of the 2010 cold event to the snook population
(resistance) and (2) determine the postevent re-
covery of the snook population (resilience) across
five Florida estuaries. Although our current es-
timate of the event’s scale suggests it is very in-
frequent (Boucek et al., in press), there are many
uncertainties associated with future climate
change (Vavrus et al. 2006). Climate models in-
dicate overall warming trends, but changes in
the frequency of short-lived, severe cold events
are just beginning to be considered (Kodra
et al. 2011). Despite the gravity of cold events in
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structuring the fauna of the subtropics, popula-
tion and community responses to such events
remain understudied. Understanding the factors
that contribute to variation in recovery across
multiple estuaries for a representative tropical
species should allow for improvements in the
understanding of the vulnerability of different
populations to extreme events and ultimately en-
able resource managers to better account for these
environmental events in their management plans.

METHODS
Resistance and resilience of snook across estuaries

The effects of the 2010 cold event on snook,
and subsequent recovery, were determined from

ECOSPHERE « www.esajournals.org

Locations of fishery-independent monitoring within the core range of snook in Florida.

fishery-independent monitoring data sets available
for five Florida estuaries. Trends in catch per
unit effort (CPUE) from standardized programs
were generated for adult snook (snook are mature
by 500 mm standard length [SL], Peters et al.
1998). Trends in snook CPUE in Tampa Bay,
Charlotte Harbor, Northern Indian River Lagoon,
and Southern Indian River Lagoon (Fig. 1) were
generated from catch data (1997-2014) collected
by a large haul seine (183 x 3 m, 37.5-mm stretch
mesh), as part of the Florida Fish and Wildlife
Conservation Commission (FWC), Fish and
Wildlife Research Institute’s Fisheries-Independent
Monitoring program (Kupschus and Tremain 2001,
Winner et al. 2010). Monthly stratified-random
sampling was conducted (approximately 12-19
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Fig.2. Minimum daily air temperatures during January 2010 in five estuaries within the core range of snook
(Tampa Bay, Charlotte Harbor, Northern Indian River Lagoon [NIRL], Southern Indian River Lagoon [SIRL],
and Shark River). The specific station (city) within each estuary is indicated in parentheses.

samples per month in each estuary x 18 yr = 216
342 samples per estuary). The seine was deployed
by boat in a rectangular shape (40 x 103 m) along
shorelines and on offshore flats inside the estuary
and retrieved by hand. All fishes were identified
to the lowest possible taxon, counted, and mea-
sured to the nearest millimeter (SL). CPUE of
snook was calculated as fish per set (each
set encompassed 4120 m? or ~100 m of
shoreline).

Trends in snook CPUE in the oligohaline por-
tion of the Shark River estuary, in Everglades
National Park (Fig. 1), were generated from elec-
trofishing data collected between 2005 and 2014
at six fixed sites located at the headwaters (for
details on the sampling program, see Boucek
and Rehage 2013). Fish communities were sam-
pled at these sites three times per year using a
boat-mounted, generator-powered electrofisher
(two-anode, one-cathode Smith-Root 9.0 unit,
Smith-Root, Vancouver, Washington, USA). Three
replicate electrofishing samples were conducted
at fixed locations in each site, each 200 m apart (6
sites x 3 samples x 3 seasons x 8 yr = 432 electro-
fishing samples). For each sample, we ran the boat
at idle speed at a randomly selected creek shore-
line and applied 5 min of pedal time (Rehage and
Loftus 2007). Power output was standardized
to 1500 W, given temperature and conductance
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conditions measured at the beginning of each
sample (Burkhardt and Gutreuter 1995). We re-
corded the distance travelled during each sample
using a GPS. Electrofishing CPUE is reported as
the number of fish caught or shocked per 100 m
of shoreline ([CPUE/distance travelled] x 100 m).
After collecting the sample, we measured and
weighed all snook caught and then release them
at the point of collection.

Data analyses of cold effects

To gauge the relative effects of the cold event
across estuaries, air temperatures were plotted.
Minimum daily air temperatures were acquired
from a widely available data set for the month
of January 2010 (www.usclimatedata.com), ex-
cept Shark River which was obtained from
Everglades National Park. An attempt was made
to compare available water temperature data
(e.g., monitoring stations, weather buoys).
However, the process of selecting a site to
represent an estuary proved difficult. For ex-
ample, data from a deep ocean port in the
Northern Indian River Lagoon had a minimum
water temperature during the cold event that
was 8°C warmer than in a shallow portion of
the estuary (E. Reyier, unpublished data). Without
an understanding of the meteorological and
oceanographic factors affecting each site, a
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comparison of water temperatures among es-
tuaries could be misleading (see also Blewett
and Stevens 2014).

Fisheries-independent monitoring data were
analyzed to assess both resistance and resilience
of the snook population to the cold event. The
CPUE of snook (mean and SE) was plotted over
the available time series for each estuary after
performing natural log-transformations on the
raw data. To analyze CPUE data with respect to
the cold event, each sample was standardized
to the mean precold event (1997-2009) CPUE
measured in the estuary from which the sample
was taken (standardized CPUE = [CPUE/precold
event average]). Effects to the snook population
(initial effects in 2010 and length of recovery)
were determined by comparing standardized
CPUEs between the pre-event period (before
2010) and the samples postevent (2010, 2011,
2012, 2013, and 2014) in each estuary. Because
data were not normally distributed, differences
were determined by calculating 95% confidence
intervals (ClIs) for pre- and postcold event means
from a bootstrapped distribution with 1000 iter-
ations. If CIs of pre-event and 2010 standardized
CPUE overlapped, fish populations were consid-
ered resistant to the cold event. Recovery was de-
termined as the number of years needed for the
CIs around the standardized CPUE to overlap
with their respective pre-event CI.

Movement and mortality from acoustic telemetry
To supplement results from fishery-indepen-
dent monitoring in the Indian River Lagoon and
to better understand the effect of the cold event
on snook behavior as well as survival, an acoustic
monitoring data set was analyzed to estimate
survival of tagged fish after the 2010 cold event.
Adult snook (n = 223; range: 441-932 mm SL,
Vemco, Bedford, Nova Scotia, Canada) tagged
with Vemco V-16 ultrasonic passive acoustic tags
were monitored within a collaborative array of
over 200 receivers spanning >300 km of coastline
including river, estuary, nearshore, and offshore
habitat in the Indian River Lagoon (Young et al.
2014). A total of 87 tagged fish were detected
during the time of the 2010 cold event (17
December 2009-27 January 2010). To estimate
survivorship, the time frame was divided into
three groups, before (17-31 December), during
(1-12 January), and after (13-27 January), and
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the number of tagged snook detected after the
cold event was calculated. Generalized linear
models were used to model survival as a func-
tion of sex, total length, and location (latitude
and longitude) before and during the cold event.
To determine if any broad scale movements
occurred during the cold event, the distance and
bearing between daily locations of tagged fish
was calculated. Generalized linear models were
used to model mean location (latitude and lon-
gitude), and distance and bearing between daily
locations, of tagged snook as a function of time
(i.e., before, during, and after the cold event).

REsuLTS

Resistance to cold event across estuaries

The cold event extended through the core
range of snook (Fig. 2). Minimum daily air
temperatures fell to near or below the freezing
point during 5-7 and 10-14 January. Air tem-
peratures in the northern estuaries were about
3°C colder than those in the farthest south.

The initial effects of the January 2010 cold
event on snook CPUE varied among the estuaries
(Fig. 3). Along the west coast (Tampa Bay, Char-
lotte Harbor, Shark River), snook CPUE fluctuat-
ed without trend in each estuary through 2009,
reached lowest levels after the January 2010 cold
event (2010 and 2011), and had an increasing trend
thereafter. In the Northern Indian River Lagoon,
the CPUE immediately after the 2010 cold event
was similar to the CPUE in other years (e.g., 1998)
and later decreased to all-time lows (2011-2014).
In the Southern Indian River Lagoon, trends in
CPUE fluctuated without trend through 2009 and
did not change following the cold event.

A closer examination of standardized snook
CPUE after the cold event helped to quantify the
initial effects to the snook population in each es-
tuary (Fig. 4). Standardized CPUEs in the affect-
ed estuaries of the west coast decreased by 52%
(Tampa Bay), 76% (Charlotte Harbor), and 94%
(Shark River) in 2010 compared to the precold
event CPUEs. In each case, the CI between the
precold event CPUE and the 2010 CPUE did not
overlap, indicating a lack of resistance. In contrast
to the west coast estuaries, the CIs of standardized
CPUEs in 2010 overlap with those of the pre-event
CPUEs indicating resistance to the event in both
Northern and Southern Indian River Lagoon.
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Fig. 3. Catch per unit effort (CPUE; natural log-transformed; mean + SE) of snook captured using 183-m haul

seines (Tampa Bay, Charlotte Harbor, Northern Indian River Lagoon, and Southern Indian River Lagoon) and
electrofishing (Shark River). Dashed line indicates year of cold event (2010).
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Fig. 4. Standardized snook CPUE (mean + 95% confidence intervals [CI]) in Tampa Bay, Charlotte Harbor,
Shark River, Northern Indian River Lagoon, and Southern Indian River Lagoon before the severe cold event (lines)
and in each year following the cold event (circles). For 2010, overlap in 95% CI between precold event and 2010 indicates
resistance (no effect of the cold event). For snook in affected estuaries, resilience or recovery period is defined as the
number of years between the cold event and the year in which 95% CI overlap.
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Resilience to cold event across estuaries

The recovery of the snook population varied
across the west coast estuaries, and lagged ef-
fects occurred in the Northern Indian River
Lagoon. Along the west coast where snook
CPUE decreased substantially after the cold
event, the CIs of standardized CPUE overlapped
with those of the pre-event CPUE between 1
and 4 yr later. Recovery from the cold event
occurred in 2011 in Charlotte Harbor, 2012 in
Tampa Bay, and 2014 in Shark River. In the
Northern Indian River Lagoon, the Cls of stan-
dardized CPUE no longer overlapped with those
of the pre-event CPUE starting in 2011, indicating
either a lagged effect of the cold event or other
circumstances that affected the snook population.
By the end of the study period, standardized
CPUE in the Northern Indian River Lagoon still
remained 65% below its precold event mean.
In contrast, the 95% ClIs of standardized CPUE
in the Southern Indian River Lagoon overlapped
with those of the pre-event CPUE in each of
the years after the event, indicating resistance
during the entire study period.

Movement and mortality from acoustic telemetry
The estimate of snook survival through the
2010 cold event was high in the Indian River
Lagoon system. Of the 86 snook that were de-
tected at the start of the cold event, 90% of
tagged fish (n = 77) survived the cold event, 74
were detected within the first two weeks fol-
lowing the cold event, and three more fish were
detected in the following months (Fig. 5). Nine
fish (10%) were last detected between 1 and 11
January, which is within the time period asso-
ciated with the cold event. There did not appear
to be any major differences in mortality between
geographic areas of the Lagoon (e.g., four of the
nine presumed mortalities were in the Northern
Indian River Lagoon); thus, acoustic data were
combined for further analysis. Sex, total length,
and mean location before and during the cold
event had no significant effect on survival.
Acoustic tracking data did not indicate any
movement associated with the event at the scale
of the tagged population; however, a closer ex-
amination of snook movements does reveal some
response to the cold event for a few individuals.
No significant change in the latitude (F, = 1.07,
P =0.3450) or longitude (F, = 1.63, P = 0.1988) of
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snook was found for the three time periods (before,
during, and after), and bearing estimates (mean)
between daily locations did not vary among be-
fore (north 34°), during (southeast 165°), and after
(north 336°) periods (F, = 1.59, P = 0.2177). How-
ever, further analysis of individual snook tracks
showed a general movement trend toward inlets
for fish that were in estuarine habitats before the
cold event and no movement for fish in rivers
(Fig. 5). For example, 10 of 25 snook found in
an estuary habitat before the cold event quickly
moved to inlets during the cold event. Also, four
of 18 snook found at inlets before the cold event
moved to another inlet further south. Of 31 snook
detected in rivers before the cold event, none left
the rivers they were detected in. Overall, detec-
tion in inlets was highest and in rivers lowest
during the cold period than the periods before or
after. However, with all data pooled, there was
no significant difference between distance trav-
elled (mean + SE) before (0.48 + 0.08 km), during
(0.75 + 0.22 km), or after (0.75 + 0.14 km) the cold
event (F, =0.65, P =0.5255).

DiscussioN

As expected for a tropical species at the edge
of its distribution (Boucek et al., in press), the
extreme 2010 cold event had a negative effect
on tropical snook in southern Florida. However,
both resistance and resilience varied among sys-
tems. On the west coast, the snook population
was greatly affected by the cold event.
Standardized snook CPUEs were reduced by an
average of 74% across the three Florida west coast
estuaries (Everglades, Charlotte Harbor, and
Tampa Bay). Numerous fish kills (tens of thou-
sands of individuals) reported to the Florida Fish
and Wildlife Conservation Commission (e.g.,
Blewett and Stevens 2014) suggested that these
declines in CPUE were a result of mortality. On
the east coast, fewer fish kills were reported,
survivorship of tagged snook was high (>90%),
and snook CPUE in both the Northern and
Southern Indian River Lagoon did not decline
in 2010. The CPUE of snook in the Northern
Indian River Lagoon declined later (2011-2014),
but these declines do not seem to be directly
associated with the 2010 cold event (see below).
Resilience also varied across affected populations.
On the west coast, time to recovery to precold
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Fig. 5. Number of tagged snook detected in acoustic monitoring array in Indian River Lagoon before and
after the 2010 cold event. Dates of cold event (1-12 January) are highlighted in gray.

event abundances varied spatially, with the fastest
recovery in Charlotte Harbor (1 yr), intermediate
recovery in Tampa Bay (2 yr), and slow recovery
in the Shark River (4 yr). These findings illustrate
substantial variation in both the effect and re-
covery of a valuable recreational fishery to an
extreme event and highlight the importance of
monitoring populations across broad spatial scales.

Resistance to cold event across estuaries

The effects of latitude did not explain the
variation in resistance to the cold event across
snook populations. Despite a pattern of colder
air temperatures at the northern end of the
study area during the cold event, the effects
to snook populations did not follow this trend.
Survivorship of tagged snook in the Indian River
Lagoon exceeded 90% for fish present at both
the southern and northern ends of the estuary.
The proximity of the Indian River Lagoon to
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the Gulf Stream current is known to moderate
the climate and influence the ichthyofauna
(Gilmore 1995). On Florida’s west coast, the
estuary farthest south, Shark River, had the
greatest decline in snook CPUE. One factor
contributing to the lack of resistance in the Shark
River may be local adaptation. Species at warm
latitudes experience cold events less often over
the long run and may lack traits (behavioral
or physiological) that enable them to better cope
with cold stress (e.g., Cook-Patton et al. 2015).
The 2010 cold event in the Everglades was the
most severe on record in the past 100 yr (Boucek
and Rehage 2014a); however, in west coast es-
tuaries farther north, low air temperatures were
consistent with a one in 8-yr cold event (Stevens
et al. 20064a). These differences in event frequency
may help explain why snook at the most south-
erly latitudes were less resistant to the cold
event than areas farther north.
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Other factors that likely influence the variable
resistance to the cold event across estuaries are
differences in habitat availability (e.g., extent of
deep rivers and canals) and estuary geomorphol-
ogy (e.g., proximity of habitats to one another).
The ability of a fish to move to warmer microhab-
itats during a cold event may be as important as
latitude. During a 3-yr study in Charlotte Harbor,
water temperatures across snook habitats (riv-
er, canal, and estuary) were remarkably similar
(<1°C), except just after major cold fronts (~3 d)
when temperatures in rivers and canals were
about 2°C warmer than in the estuary (Blewett
and Stevens 2014). The short amount of time
that habitats exhibited any differences in water
temperatures, and the distribution of snook kill
locations thought to represent relatively warmer
sites (e.g., deep, wind-protected shorelines), sup-
ported a hypothesis of small-scale winter habitat
selection, similar to that reported for other spe-
cies (Harvey et al. 1999, Weber et al. 2013). That
is, as water temperatures dropped, snook moved
to the nearest warm water site they could reach
within ~1 d. Such movements may explain why
snook CPUE did not decrease, at least initially, in
the Indian River Lagoon. A conspicuous feature
of this narrow estuary is the proximity of snook
habitats—major rivers, open estuarine shore-
lines, and several inlets—to one another. Given
the short time constraints that snook have in re-
sponding to cold events, this proximity (as little
as 5 km) provides more opportunities to move
into a different habitat than in the larger, more
expansive estuaries. Acoustic data showed that
several snook moved toward ocean inlets at the
onset of the cold event, which may represent
a movement toward a warm water site. Other
small-scale movements likely not detected by
the acoustic array, such as movement into near-
by deepwater habitats (canals, marinas, bridge
pilings, river bends), are possible within a very
short time frame (<1 d) from any point in the
estuarine system. In the relatively shallow and
undeveloped Shark River, in contrast, deep sites
along shorelines are few. Although the geomor-
phology of the Shark River differs from the larg-
er estuaries in this study, it is representative of
estuarine systems in the Everglades. To deter-
mine the importance of deepwater sites to snook
responding to cold events, acoustic telemetry
could prove helpful. The placement of receivers
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in suspected thermal refuge sites (deep, wind-
protected shorelines) within large-scale arrays
could provide data on the behavioral response of
this species to low temperatures and help to dis-
cern the importance of these microhabitat move-
ments to enhancing survival.

Resilience to cold event across estuaries

The presence of behavior contingents (i.e.,
segments of the population that use divergent
movement tactics) that place snook in different
areas of the estuary during winter could have
influenced population resilience to the cold
event, particularly for Charlotte Harbor where
recovery was quickest. An understanding of
behavioral contingents in the snook population,
similar to that gained in other species (Rosenblatt
and Heithaus 2011, Sih et al. 2012), is just be-
ginning to emerge (Blewett et al. 2009, Lowerre-
Barbieri et al. 2014). Acoustic monitoring in a
large river found that a portion of the tagged
population resided in the river year after year,
except for a seasonal movement out of the river
during the summer spawning season (Trotter
et al. 2012). An estuary contingent was evident
in an acoustic monitoring study that tracked
spawning-related movements near passes and
in the interior of a large estuary (Lowerre-
Barbieri et al. 2014). A portion of the tagged
population remained in the estuary year-round
and did not exhibit catadromy. Similar patterns
are evident from recent telemetry data in the
Shark River (R. Boucek et al., unpublished data).
Variation in seasonal, annual, and cross-system
catadromy that place snook in different areas
of the estuary during winter can be an im-
portant factor during cold events because water
temperatures in these habitats (rivers vs. estuary)
vary enough (2°C) to influence survivorship
when temperatures drop near the snook lethal
limit. In Charlotte Harbor, snook that occupied
rivers and canals during the cold event were
thought to exhibit greater survivorship than
those in the open estuary where extensive kills
were reported (Blewett and Stevens 2014). If
large portions of the snook population survived
the cold event in habitats outside of the estuary
proper, these contingents may have provided
a later source of recruitment to the estuary
population for which trends in CPUE were
presented. Movements of snook from rivers to
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fill vacant niches left by the estuary contingent
could explain why snook CPUE in Charlotte
Harbor recovered only 1 yr after the freeze.

The effects of multiple stressors on a popula-
tion are important when gauging the effects of
a stochastic event (Boucek and Rehage 20144).
In the Northern Indian River Lagoon, snook ini-
tially resisted the cold event, but in subsequent
years, CPUE was lower than the precold event
mean implying a delayed effect or other circum-
stances contributed to the decline. The behavior
contingent resident to the Northern Indian River
Lagoon (see Young et al. 2014), and any settle-
ment of juveniles, were likely affected by a series
of environmental events. Subsequent to the cold
event, the Northern Indian River Lagoon experi-
enced an extended algal bloom that was actually
two blooms (separate in space, but overlapping
in time) that persisted through much of 2010 and
resulted in a 40% loss of seagrass biomass and
a 95% loss of macroalgal biomass (Phlips et al.
2015). These conditions may have led to an over-
all movement of fish into alternative habitats or
areas farther south that were unaffected by the
bloom. The low CPUE in the Northern Indian
River Lagoon postcold event could be the result
of emigration from the area and also a lack of
new recruitment into the suboptimal habitat cre-
ated by the algal bloom, but the 2010 cold event
does not appear to have resulted in an immediate
mortality event as in the west coast estuaries.

In the Florida west coast estuaries where snook
CPUE was greatly affected, recovery rates were
generally on the order of 2—4 yr, which suggests
population recovery was dependent on annual
juvenile recruitment (dependent on survival of
spawning age fish after the cold event). Growth
of juvenile snook to adults is known to be highly
variable, but a 2- to 4-yr time frame is of the appro-
priate scale (McMichael et al. 1989, Taylor et al.
2000). Unfortunately, trends in juvenile snook
abundance from nursery habitats were not avail-
able at a broad spatial scale. This has been iden-
tified as a major data gap in stock assessments
attempting to gauge population resilience and
demographics (Muller and Taylor 2012). Under-
standing year-class strength of juveniles would
provide for better assessments of the population
recovery rates that could occur after a cold event.
Also, an increase in reproductive potential of re-
maining adults, and fast growth of juveniles, is
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a population response to stochastic events doc-
umented for other fishes (Rose et al. 2001, Yatsu
et al. 2008). Knowledge of the year-class strength
of juveniles could shorten closures of the fishery
if strong recruitment into the adult population
was imminent. To meet this data need, fisheries-
independent monitoring programs are being ex-
panded into juvenile snook habitat.

Management implications

The spatial variation in both resistance and
resilience across estuaries in Florida was an
important factor with respect to species
management. Scientists and managers tracking
the adult snook population were informed of
the initial effects and recovery associated with
the cold event from monitoring programs cov-
ering an appropriate spatial scale. Following
reports of extensive fish kills in January 2010,
the snook fishery was closed to harvest to allow
researchers associated with fishery-independent
monitoring programs to assess the effects of
the event. Management of the snook fishery is
divided into east and west coast components,
because they have been shown to be two dif-
ferent stocks (Muller and Taylor 2012). Based
on the assessment of acoustic tracking and
fisheries-independent monitoring in the Indian
River Lagoon, the east coast snook fishery (cen-
tered in the Southern Indian River Lagoon) was
reopened on 17 September 2010 (http://myfwec.
com/fishing/saltwater/recreational/fish-kills/).
The west coast fishery remained closed until
1 September 2013 to allow the stock more time
to recover. Given the resolution of data avail-
able for snook in Florida, it may be possible
to implement a place-based management strat-
egy for this species (Lorenzen et al. 2010). Such
a strategy would be useful in responding to
stochastic events with variable effects across
estuaries (e.g., cold event, slow recovery in
Shark River) or multiple stressors with localized
effects (e.g., cold event followed by algal blooms,
Northern Indian River Lagoon).
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